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ABSTRACT 

One  phase  of  a  continuing  study  of  the  low-cycle 

FATIGUE  BEHAVIOR  OF  METALS  FOR  DEEP  SUBMERGENCE 
STRUCTURAL  APPLICATIONS  INVOLVES  THE  VALIDITY  OF 
SIMPLE  SPECIMEN  RESULTS  WHEN  APPLIED  TO  COMPLEX 
STRUCTURES.  AS  A  PART  OF  THIS  STUDY>  THE  LOW-CYCLE 
FATIGUE  PERFORMANCE  OF  TWELVE  INTERNALLY  PRESSURIZED 
BOXES  WAS  INVESTIGATED.  ThE  BOXES  WERE  CONSTRUCTED 
FROM  1-INCH  THICK  PLATE  OF  SIX  MATERIALS  CONSISTING 
OF  THREE  STEELS,  ONE  ALUMINUM  ALLOY,  AND  TWO  TITANIUM 
ALLOYS. 

The  boxes  were  cyclically  pressurized  at  peak 
NOMINAL  STRESSES  UP  TO  ABOUT  80  PERCENT  OF  THE 
YIELD  STRENGTH  OF  THE  BASE  METAL.  ThE  RESULTS  ARE 
COMPARED  WITH  DATA  PREVIOUSLY  OBTAINED  FOR  SIMPLE 
LABORATORY  SPECIMENS.  ThE  RESULTS  OF  THE  BOX 
TESTS  TEND  TO  CONFIRM  TWO  GENERAL  CONCLUSIONS 
REACHED  PREVIOUSLY  FROM  SIMPLE  SPECIMEN  TESTS,  THAT 

is:  (i)  increases  in  low-cycle  fatigue  strength 

FOR  A  GIVEN  LIFE  ARE  NOT  COMMENSURATE  WITH  INCREASES 
IN  YIELD  STRENGTH,  AND  (2)  LOW-CYCLE  FATIGUE  LIFE 
IS  CLOSELY  RELATED  TO  TOTAL  STRAIN  RANGE  AND  APPEARS 
TO  BE  INDEPENDENT  OF  BOTH  STRUCTURAL  METAL  AND 
STRENGTH  LEVEL  IN  THE  LIFE  RANGE  OF  1000  TO  30,000 
CYCLES. 
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INTRODUCTION 

In  order  to  undcrstano>  utilize^  and  depend  the  vast  reaches 

OP  THE  OCEANS^  PUTURE  SUBHERSIBLE  VEHICLES  WILL  BE  EXPECTED  TO  DESCEND 
AND  OPERATE  AT  INCREASINOLY  GREATER  OCEAN  DEPTHS.  SuCH  EXPECTATIONS 
ARE  CONSISTENT  WITH  OUR  EXPANDING  TECHNDLOGY  IN  OTHER  AREAS/  SUCH  AS 
INTERPLANETARY  SPACE.  ACCOMPLISHMENT  IN  THE  OCEAN  WILL  REQUIRE  THE 
UTILIZATION  OP  MATERIALS  OP  HIGHER  STRENGTH-TO-WE I OHT  RATIO/  PARTICULARLY 
HIGH-STRENGTH  STEELS/  TITANIUM  ALLOYS/  AND  REINPORCED  PLASTICS. 

In  CONSIDERING  THIS  SITUATION  SEVERAL  YEARS  AGO/  IT  WAS  REASONED 
THAT  PRESSURE  CYCLES  INDUCED  BY  MANEUVERING  DEEP-SUBMERGENCE  VEHICLES 
AT  VARIOUS  DEPTHS  MIGHT  POSSIBLY  LIMIT  THE  LIPE  OP  THE  PRESSURE  HULL 
AND  CERTAIN  INTERNAL  SEA-CONNECTED  EQUIPMENT.  ThE  BASIS  POR  THIS 
REASONING  WAS  THAT  STRUCTURES  OP  HIGH  STRENGTH-TO-WE I GHT  RATIO  EXPOSED 
TO  SEA-WATER  PRESSURE  AND  CORROSION  WOULD  BE  SUBJECTED  TO  A  P I N I TE 
NUMBER  OF  HIGH  STRESS  CYCLES  AND/  THEREFORE/  THE  USEFUL  LIPE  OF  THE 
STRUCTURES  MIGHT  WELL  BE  DICTATED  BY  THE  RESISTANCE  OP  MATERIALS  TO 
SO-CALLED  LOW-CYCLE  FATIGUE. 

For  the  past  several  years/  the  U.  S.  Navy  Maring  Engineering 
Laboratory  has  been  actively  engaged  in  an  investigation  op  the  low- 

cycle  FATIGUE  BEHAVIOR  OP  METALLIC  MATERIALS  AND  THE  CONSEQUENCE  OP 
SUCH  BEHAVIOR  ON  THE  STRUCTURAL  INTEGRITY  OP  PUTURE  DEEP-SUBMERGENCE 
VEHICLES.  The  results  op  the  Laboratory's  work  on  simple  specimens/ 
SUMMARIZED  BY  GROSS/*  INDICATED  THAT  MATERIAL  BEHAVIOR  WAS  PREDICTED 


'Superscripts  refer  to  similarly  numbered  entries  in  Appendix  A 
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DirPERENTLYi  DCPCNOINO  ON. THE  STRESS  OR  STRAIN  PARAMETERS  8EINQ  CONSIDERED. 
For  CXAMPLe>  on  the  basis  of  total  strain^  all  hater ialsbehaved  similarly* 

WHEREAS  on  THE  BASIS  OF  NOMINAL  STRESS*  H I QHER-STRENQTH  MATERIALS  WERE 
SUPERIOR. 

As  A  RESULT  OF  THE  ABOVE  INVESTIGATION*  IT  BECAME  EXPEDIENT  TO 
ESTABLISH  WHETHER  THE  CONCLUSIONS  REACHED  FROM  SIMPLE  SPECIMENS  WERE 
VALID  FOR  COMPLEX  STRUCTURES.  ACCORDINGLY*  IT  WAS  DECIDED  TO  INVESTIGATE 
THE  LOW-CYCLE  FATIGUE  BEHAVIOR  OF  A  STRUCTURE.  IT  WAS  DESIRABLE  THAT 
THE  STRUCTURE  BE  (l)  GEOMETRICALLY  SIMPLE*  (2)  ANALYTICALLY  COMPLEX 
FROM  A  STRESS  STANDPOINT*  (3)  EASILY  TESTED  IN  THE  LABORATORY*  AND  (4) 
RELATIVELY  INEXPENSIVE.  IT  WAS  ALSO  DESIRABLE  THAT  ALL  OF  THE  CONDITIONS 
AND  FACTORS  WHICH  WERE  THOUGHT  TO  HAVE  A  SIGNIFICANT  INFLUENCE  ON  THE 
FATIGUE  AND  FRACTURE  BEHAVIOR  OF  A  VEHICLE  DESIGNED  FOR  DEEP-SUBMERGENCE 
BE  PRESENT  IN  EQUAL  OR  GREATER  SEVERITY  IN  THE  LABORATORY  STRUCTURE. 

The  CONDITIONS  and  factors  CONSIDERED  TO  BE  IMPORTANT  WERE  AS  FOLLOWS: 

B  Weldments 

B  Stress  Concentrations 

•  Cyclic  Loads 

f  Residual  Stresses 

#  Corrosion 

From  the  foregoing  considerations*  it  was  concluded  that  an  internall 
pressurized  rectangular  box  could  be  constructed  and  tested  such  that 

ALL  OF  THE  ABOVE  CONDITIONS  AND  FACTORS  WOULD  BE  INCLUDED.  ThIS  PAPER 
DESCRIBES  THE  RESULTS  OBTAINED  IN  THE  TESTINGS  OF  12  SUCH  BOXES. 

MATERIAL*  CONSTRUCTION*  AND  INSPECTION 

Twelve  boxes  were  fabricated  from  the  six  different  base  metals 
LISTED  IN  Table  1*  using  the  weld  metals  indicated  in  Table  2. 
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Conditions  under  which  weloino  was  accohpuisheo  are  also  stated  in 
Table  2,  The  tensile  properties  shown  in  Tables  1  and  2  were  obtained 

FROM  SPECIMENS  REMOVED  FROM  LOW-STRESSED  REOIONS  OF  THE  BOXES  AFTER 
THE  FATIQUE  TESTS. 

All  OF  THE  BOXES  WERE  PREPARED  FROM  WROUGHT  PLATE  HAVING  A 
NOMINAL  THICKNESS  OF  ONE  INCH.  ThE  STEEL  AND  ALUMINUM  BOXES  WERE 
FABRICATED  BY  MEL.  ThE  TWO  TITANIUM  BOXES  WERE  FABRICATED  BY  THE  U.  S. 

Navy  Applied  Science  Laboratory^  Brooklyn^  New  York. 

The  first  box  was  constructed  from  Grade  M  hull  steel  using  an 
ALL-WELO-HETAL  CORNER  JOINT  CONFORMING  TO  CLASS  IV>  TyPE  C-21  OF 
NAVSHIPS  Instruction  250-637-3  of  2  January  1962.  The  internal  dimen¬ 
sions  OF  THE  BOX  WERE  5  X  5  X  30  INCHES.  FIGURE  1  SHOWS  THE  COMPLETED 
BOX  PRIOR  TO  TESTINGi  AND  ITEM  (a)«  FIGURE  2,  SHOWS  THE  CROSS  SECTION 
OF  THE  BOX. 

Tests  on  corner-welded  boxes  showed  that  cracks  initiated  at 

THE  INSIDE  ROOT  REINFORCEMENT  WELDS  AND  PROPAGATED  THROUGH  ALL-WELO 
METAL  ALONG  A  DIAGONAL  PLANE.  To  PROVIDE  A  PATH  FOR  PROPAGATION  THAT 
COULD  INCLUDE  BOTH  WELD  AND  BASE  METAL^  THE  DESIGN  OF  THE  BOX  WAS 
SUBSEQUENTLY  MODIFIED  TO  THE  J-TYPE  JOINT  DESIGN  (CLASS  IV>  TyPE  C-69) 

SHOWN  IN  Item  (b)«  Figure  2.  From  early  tests  it  was  established  that 

THE  BOX  WAS  UNNECESSARILY  LONG  AND  THAT  SIMILAR  RESULTS  COULD  BE  OBTAINED 
BY  REDUCING  THE  LENGTH  OF  THE  BOX  TO  15  INCHES.  ACCORD  I NGLY»  THE  5  X  5  X 
15- IN*.*  BOX  WITH  THE  J- JO  I  NT  DESIGN  SHOWN  IN  FIGURE  3  BECAME  THE  "STANDARD” 
BOX  RATHER  EARLY  IN  THE  PROGRAM.  NONDESTRUCTIVE  INSPECTIONS  WERE  MADE 

^Abbreviations  USED  in  this  text  are  from  the  GPO  Style  Manual^  1959, 

UNLESS  OTHERWISE  NOTED. 
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ON  THE  BOXES,  BOTH  OURINO  AND  AFTER  FABRICATION.  TnE  WELO  BEADS  WERE 
INSPECTED  AS  THEY  WERE  LAID  DOWN,  AND  ALL  CRACKLIKE  INDICATIONS  WERE 
GROUND  OUT  ANO  REPAIRED  PRIOR  TO  APPLYING  ADDITIONAL  WELD  PASSES. 

Upon  completion,  the  boxes  were  ultrasonically  inspected  to  establish 
THE  soundness  OF  THE  WELDS  AND  ADJACENT  BASE  METAL.  ThE  BOXES  WERE 
ALSO  ULTRASONICALLY  INSPECTED  AFTER  FATIGUE  TESTING  AND  PRIOR  TO  DES* 
TRUCTIVE  SECTIONING  TO  ESTABLISH  THE  ABILITY  OF  THE  METHOD  TO  DETECT 
ANO  LOCATE  CRACKS.  ThE  EQUIPMENT  USED  IN  THE  ULTRASONIC  TESTS  WAS  A 

Branson  Instruments,  Incorporated,  Model  SOB  "Sonora y"  flaw  detector 
WITH  2.25>HC,  45*  ANGLE  PROBE. 

METHOD  OF  INVESTIGATION 

Pressurization  System.  The  structural  boxes  were  cyclically 

PRESSURIZED  WITH  THE  SYSTEM  SHOWN  SCHEMATICALLY  IN  FIGURE  4.  ThE  SYSTEM 
WAS  DESIGNED  FOR  10,000  PS  I  MAXIMUM  PRESSURE,  USING  TAP  WATER  AS  THE 
HYDRAULIC  FLUID.  BRIEFLY,  OPERATION  CONSISTED  OF  (l)  COMPLETELY  FILLING 
THE  SYSTEM  WITH  WATER,  (2)  PUMPING  AGAINST  THE  CLOSED  SOLENOID  DRAIN 
VALVE  UNTIL  THE  DESIRED  PEAK  PRESSURE  WAS  REACHED,  (3)  HAVING  THE 
PRESET  PRESSURE  SWITCH  AUTOMATICALLY  OPEN  THE  DRAIN  VALVE  AT  THE  PEAK 
PRESSURE  TO  DROP  THE  PRESSURE  TO  ZERO,  ANO  (4)  CONTINUOUSLY  REPEATING 

Steps  (2)  and  (3)  under  automatic  control.  The  cycling  rate  of  the 

SYSTEM  WAS  VARIABLE,  DEPENDING  UPON  THE  VOLUME  OF  LIQUID  TO  BE  REPLACED 
DURING  EACH  CYCLE  ANO  THE  CAPACITY  OF  THE  PUMP.  ThE  SYSTEM  WAS  USUALLY 
OPERATED  AT  ABOUT  ONE  CYCLE  PER  MINUTE. 

Measurement  System.  Anywhere  from  12  to  24  resistance-type 
STRAIN  GAGES  (BLH-FAP-25-12)  WERE  BOI«ED  TO  THE  BOXES  AT  VARIOUS  EXTERNAL 
LOCATIONS  TO  DETERMINE  THE  STATIC  DYNAMIC  BEHAVIOR  OF  THE  BOXES.  IN 
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ADDITION,  A  TCHRCRATURC-SENSINQ  OAOE  (RUOC  StIKON  SN« 100-3)  WAS  ATTACHED 
FOR  MONITORING  THE  TEMPERATURE.  INCLUDFD  IN  THE  PRESSURIZATION  SYSTEM 
WAS  A  PRESSURE  TRANSDUCER  (StATHAM  INSTRUMENTS,  MoOEt  PG731TC-10M-350) 
FOR  MONITORING  THE  SYSTEM  PRESSURE. 

On  the  basis  of  preliminary  static-strain  mcasuremcrts, 

CERTAIN  GAGES  WERE  SELECTED  FOR  MONITORING  DURING  THE  FATIGUE  TESTS. 

The  SELECTED  GAGES,  PLUS  THE  TEMPERATURE  GAGE  AND  THE  PRESSURE  TRANS¬ 
DUCER,  WERE  CONNECTED  TO  A  TRANSDUCER  INPUT  CONDITIONER  (B&F  INSTRUMENTS 

Model  1-202-2AH).  The  outputs  of  the  conditioner  channels  were  fed 
INTO  A  RECORDING  OSCILLOGRAPH  (HoNEYWELL  HOOEL  1506  ViSICORDER)  FOR 
PERIODIC  READOUT. 

Stress  Calculations.  The  maximum  tensile  stress  in  the  pres¬ 
surized  BOX  OCCURRED  AT  THE  INSIDE  CORNER  WHERE  THE  ROOT  REINFORCEMENT 
WELDS  WERE  LOCATED.  ThE  MAXIMUM  NOMINAL  STRESS  AT  THIS  LOCATION  WAS 
CALCULATED  FROM  THE  FOLLOWING  COMBINED  STRESS  EQUATION: 


c  P  A  B _ 

^MAX  *  ZT  1A  B  *  St) 


(1) 


where:  P  =  PEAK  PRESSURE,  PSIG 

A  »  INSIDE  WIDTH  OF  BOX,  IN. 

B  «  INSIDE  LENGTH  OF  BOX,  IN^. 

T  «  PLATE  THICKNESS,  IN. 

The  above  equation  is  derived  from  simple  plate  tmcory,  assuminq  uni¬ 
formly  LOADED  PLATES  WITH  CLAMPED  EDGES  HAVING  A  LENQTH-TO-W IDTH  RATIO 
EQUAL  TO  OR  GREATER  THAN  ONE.  ThE  STRESS  CALCUUTIONS  00  NOT  INCLUOE 
THE  EFFECTS  OF  OTHER  FACTORS,  SUCH  AS  STWIS  C«ICENTRAT IONS,  RESIOML 
STRESSES,  ETC. 
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RERIOUAL  StRIM  MEAtUREHINT.  BECAUSE  OP  THE  R 1010  ITT  OP  THE 
■OXESj  IT  WAS  EXPECTED  THAT  HIQH  RESIDUAL  STRESSES  WOULD  DEVELOP 
DURING  PABRICATION.  NO  ATTEHPT  WAS  HADE  TO  DETERMINE  THE  MAONITUDE 
AND  EXTENT  OP  RESIDUAL  STRESSES  IN  THE  REGIONS  WERE  CRACKS  INITIATED  AND 
PROPAGATED.  HOWEVER,  ESTIMATES  OP  THE  MAGNITUDE  OP  RESIDUAL  SURFACE 
STRESSES  WERE  OBTAINED  FROM  STRAIN-GAGE  READINGS  TAKEN  EITHER  BEFORE 
ANO  AFTER  FABR I  CAT  I  ON  OR:  BEFORE  .  AND  APTER.  TiEST.r^  V. 

RESULTS  OF  INVESTIGATION 

Static  Tests.  Prior  to  the  fatigue  tests,  the  boxes  were  sta¬ 
tically  PRESSURIZED  SEVERAL  TINES  TO  THE  DESIRED  PEAK  INTERNAL  PRESSURE. 

While  being  held  at  this  pressure,  the  external  surface  strains  were 

MEASURED  AT  THE  VARIOUS  LONGITUOINAL  ANO  TRANSVERSE  STRAIN-GAGE  LOCA¬ 
TIONS.  It  was  CONCLUDED  FROM  THESE  MEASUREMENTS  THAT  THE  ACTUAL  TRANSP 
VERSE  STRAINS  AGREED  QUITE  CLOSELY  WITH  THEORETICALLY  PREDICTED  STRAINS 
WITHIN  THE  REGION  BOUNDED  BY  ^2  INCHES  OF  THE  LONGITUDINAL  CENTER  LINE. 

Beyond  2  inches,  the  edge  effects  became  quite  pronounced,  and  the 

ACTUAL  STRAINS  WERE  LESS  THAN  THE  THEORETICAL  STRAINS.  IT  WAS  ALSO 
concluded  THAT  PLANE-STRAIN  CONDITIONS  EXISTED  IN  THE  CENTRAL  SECTION 
OF  THE  BOX  TO  WITHIN  ABOUT  5  INCHES  OF  EACH  EMI. 

Fatigue  Tests.  Pertinent  information  about  the  boxes  ano  the 

RESULTS  OF  THE  FATIGUE  TESTS  ARE  SUMMARIZEO  IN  TABLE  3.  tm  MAXIMUM 
NOMINAL  PEAK  STRESSES  WERE  CALCULATED  FRMI  EQUATION  (t)  USING  THE  CYCLIC 
PEAK  PRESSURE  AM  DIMENSIONS  OF  TNE  BOX.  TMt  MAXIMIM  PEAK  STRAINS 
WERE  OBTAINED  BY  ASSUMING  CLASTIC  COWITIONS  ANO  OlVIOINB  THE  MAXIMUM 
PEAK  STRESSES  BY  THE  MDULUS  W  CUSTICITY,  C,  AMR  4UNILVIM  A  SMALL 
CORRECTION  FOR  LONGITUDINAL  STRAIN.  INCLMMEO  IN  TMHJ:  3  ARE  TNE 
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RERCCNTAOeS  OP  THE  0.2-PCRCENT  YIELD  STRENOTH  AND  THE  CORRESPOND  I  NO 
TOTAL  STRAIN  AS  OETERHINEO  PROH  STRESS-STRAIN  CURVES  OP  THE  BASE 
METALS. 

The  cycles-to-pailure  represents  the  number  op  peak  pressure 

CYCLES  THAT  THE  BOX  ENDURED  UNTIL  LEAKAGE.  ThE  ESTIMATED  CYCLES  TO 
CRACK  INITIATION  WERE  OBTAINED  BY  MONITORING  CHANGES  IN  PRESSURE  VERSUS 
STRAIN  RELATIONSHIPS  USING  THE  PROCEDURES  DESCRIBED  BY  HeISE.^  SoME 
OP  THE  BOXES  BEGAN  TO  LEAK  SLOWLY>  AS  SHOWN  IN  FIGURE  5/  WHEREAS  OTHERS 
DEVELOPED  A  LARGE-SIZE  CRACK  SUDDENLY.  FAILURE  IN  THE  LATTER  CASE  WAS 
ACCOMPANIED  BY  A  LOUD  "bANO.?  A  TYPICAL  PAILURE  OP  THIS  TYPE  IS  SHOWN 

IN  Figure  6. 

Ultrasonic  Inspection.  Ultrasonic  inspection  op  the  boxes 

APTER  PABRICATION;  BUT  PRIOR  TO  PATIGUE  TESTING,  REVEALED  NUMEROUS 
SMALL  UN  INTERPRETABLE  INDICATIONS  IN  THE  REGIONS  OP  THE  WELDS  POR 

Boxes  10  and  11.  It  was  subsequently  established  that  these  indications 

RESULTED  PROH  LACK  OP  PENETRATION  BETWEEN  THE  ROOT  PASS  AND  ROOT 
REINPORCEMENT  BEAD.  ThE  OTHER  BOXES  DIO  NOT  SHOW  ANY  SIGNIPICANT 
ULTRASONIC  INDICATIONS. 

Similar  inspection  apter  patigue  testing  showed  that  ti«  method 
WAS  capable  op  detecting  cracks,  other  than  the  PAILURE  CRACK,  WHEN 
THEY  EXISTED.  ThE  EXACT  NUMBER  OP  CRACKS  IN  A  GIVEN  LOCATION,  HOWEVER, 
AND  THE  EXTENT  OP  CRACK  PROPAGATION  COULD  NOT  BE  DETERMIMCO  BY  THIS 
PROCEDURE. 

Residual  Stresses.  The  results  op  the  residual  stress  measure¬ 
ments  VARIED  WIDELY,  BOTH  WITHIN  AND  AMONG  BOXES.  NO  ATTEl^T  HAS  BEEN 
MADE  TO  RATIONALIZE  THE  RESULTS.  IT  WAS  APPARENT,  IWWiVER,  T»MT  PEAK 
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TRANSVERSE  RESIDUAL  STRESSES  EQUAL  TO  THE  YIELD  STRCNOTH  OP  THE  RASE  METAL 
WERE  DEVELOPED  IN  SOME  OP  THE  STRUCTURES.  RePERRINO  TO  TADLE  3,  BOX  7 
IS  A  STRESS-RELIEVED  VERSION  OP  BOX  4.  THE  PEAK  RESIDUAL  TENSILE  STRESSES 
IN  Box  4  WERE  OBSERVED  TO  BE  NEAR  THE  YIELD  STRESS,  WHEREAS  THOSE  IN 
Box  7  WERE  ABOUT  HALP  THE  YIELD  STRESS.  IT  IS  APPARENT  PROM  THE  RESULTS 

IN  Table  3  that  the  stress-re lievi no  treatment  used  had  no  beneficial 

EFFECT  ON  FATIQUE  LIFE. 

Postfailure  Examination.  Table  4  shows  the  number  and  extent 
OF  cracks  observed  in  cross  sections  removed  from  the  boxes  at  the  point 
of  failure  after  fatigue  testing.  In  some  boxes,  notably  those  of 

STEEL,  CRACKS  INITIATED  AND  PROPAGATED  IN  ALL  POUR  CORNERS.  ITEM  (b). 

Figure  7  is  a  cross  section  op  this  type.  In  other  boxes,  principally 

THOSE  op  aluminum  AND  TITANIUM,  ONLY  A  SINGLE  CRACK  INITIATED  AND 
PROPAGATED.  In  ALL  CASES,  CRACKS  INITIATED  IN  THE  INSIDE  CORNERS  AT 
NOTCHES  FORMED  BY  THE  LONGITUDINAL  ROOT  REINFORCEMENT  WELDS. 

•  The  final  phase  of  the  examination  consisted  of  forcibly  opening 

THE  FAILURE  CRACKS  AND  EXAMINING  THE  FRACTURE  SURFACES.  A  DESCRIPTION 
OP  THE  FAILURE  CRACK  FOR  EACH  OF  THE  BOXES  IS  GIVEN  IN  FIGURE  8. 

Except  for  low-stressed  Box  5,  the  longitudinal  crack  fronts  were 

QUITE  BROAD  AND  EXTENDED  OVER  THE  PUNE  STRAIN  REGION  OP  THE  BOX.. 

Item  (a).  Figure  7  is  typical* 

Fatigue  Crack  Propagation*  Using  data  in  Tables  3  and  4,  an 

AVERAGE  FATIGUE  CRACK  PROPAGATION  RATE  CAN  BE  CALCUUTCO  AS  FOLLOWS: 
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WHCKC*  Al 

^  *  AV^***^^  FATIGUE  CRACK  PROPAGATION  RATE 

Lp  «  LENGTH  (depth  OF  PENETRATION)  OF  FAILURE  CRACK 
•  ESTIMATED  CYCLES  TO  CRACK  INITIATION 
Np  •  CYCLES  TO  FAILURE. 

The  calculated  rates  are  shown  in  the  right-hand  column  of  Table  3. 
These  values  do  not  indicate  the  relative  crack  propagation  rates  of 

THE  MATERIALS. 

DISCUSSION 

In  the  ensuing  discussion,  it  is  important  to  keep  in  mind 

THAT  THE  ASSUMED  STRESS  STATE  AND  THE  ACTUAL  STRESS  STATE  AFFECTING 
FATIGUE  IN  A  STRUCTURE  MAY  BE,  AND  USUALLY  ARE,  QUITE  DIFFERENT.  IT 
IS  GENERALLY  ASSUMED  IN  NOMINAL  STRESS  CALCULATIONS  THAT  LINEAR  ELASTIC 
CONDITIONS  PREVAIL.  UNDER  SUCH  CONDITIONS  IT  IS  IMMATERIAL  WHETHER 
ONE  DEALS  IN  TERMS  OF  STRESS  OR  STRAIN.  IT  IS  WELL  KNOWN,  HOWEVER, 

I  THAT  SUCH  CONDITIONS  DO  NOT  USUALLY  PREVAIL  IN  REGIONS  OF  STRESS 

INTENSIFICATION  WHERE  FATIGUE  CRACKS  ARE  HOST  LIKELY  TO  INITIATE  AND 

PROPAGATE.  This  is  especially  so  for  the  case  of  low-cycle  fatigue. 

Accordingly,  one  must  recognize  that  it  is  unlikely  that  stress  and 

i 

I  STRAIN  WILL  BE  LINEARLY  RELATED  IN  THE  REGION  OF  DIRECT  CONCERN. 

During  the  past  10  years  much  evidence  has  been  developed  to 

SUPPORT  THE  VIEW  THAT  LOW-CYCLE  FATIGUE  LIFE  IS  A  FUNCTION  OF  STRAIN. 

One  might  expect  this  to  be  the  case,  inasmuch  as  the  micromechanisms 

THAT  ARE  ASSOCIATED  WITH  FATIGUE  FAILURE  ARE  STRAIN  DEPENDENT. 

Gross*  and  Hanson  and  Hirschberg,*  and  more  recently.  Wells  and 
SuLLIVAn/*  HAVE  SHOWN  THAT  LOW-CYCLE  FATIGUE  SPECIMEN  RESULTS  TEND  TO 
V  CORRELATE  BEST  WITH  THE  TOTAL  STRAIN  RANGE.  ThE  WORK  OP  GROSS  HAS 
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SHOWN  THAT>  IN  THE  LIFE  RANGE  OF  100  TO  10|000  CYCLES^  LOW-CYCLE  FATIGUE 
CRACK  INITIATION  IN  TEST  SPECIMENS  IS>  WITHIN  RATHER  NARROW  PROBABILITY 
LIMITS,  INDEPENDENT  OF  MATERIAL  ANd/oR  STRENGTH  LEVEL  BUT  DEPENDENT  ON 
TOTAL  STRAIN  RANGE.  AlSO,  THE  RECENT  WORK  OF  CrOOKER  AND  LANGE^  HAS 
SHOWN  THAT  LOW-CYCLE  FATIGUE  CRACK  PROPAGATION  RATE  CORRELATES  WITH 
TOTAL  STRAIN  RANGE,  AND  THAT  THE  RATE  APPEARS  TO  BE  INDEPENDENT  OF 
STRENGTH  LEVEL  FOR  A  GIVEN'-CLASS  OF  MATERIAL.  DIFFERENT  RATE-VERSUS- 
STRAIN  RELATIONSHIPS  HAVE  BEEN  OBSERVED,  HOWEVER,  FOR  DIFFERENT  MATERIALS. 

In  view  OF  THE  FOREGOING,  IT  IS  OF  INTEREST  TO  EXAMINE  THE  RESULTS  IN 

Table  3  to  determine  whether  the  structural  boxes  follow  the  same  trends 

AS  SMALL  SPECIMENS. 

Figure  9  is  a  log-log  plot  of  total  strain  range  versus  number 

OF  CYCLES,  WHICH  COMPARES  THE  BOX  TEST  RESULTS  WITH  THE  SMOOTH  SPECIMEN 
RELATIONSHIP  OBTAINED  PREVIOUSLY  AT  MEL  FOR  A  VARIETY  OF  MATERIALS  AND 
STRENGTH  LEVELS.  A  PARALLEL  RELATIONSHIP  HAS  BEEN  PLACED  THROUGH  THE 
GEOMETRIC  MEAN  OF  THE  BOX  DATA.  THERE  ARE  MANY  DIFFERENCES  BETWEEN  THE 
RELATIONSHIP  SHOWN.  FOR;  THE,  3PECIMEN  , RATA,  AND  THEa^X  !  WTABLYI  .GEOMETRY 

TYPE  OF  LOADING,  CRITERION  FOR  FAILURE,  RESIDUAL  STRESS,  AND  METHODS  OF 
MEASURING  AND  CALCULATING  TOTAL  STRAIN.  NO  ATTEMPT  HAS  BEEN  MADE  TO 
TAKE  THESE  FACTORS  INTO  ACCOUNT  AT  THIS  TIME.  IT  IS  APPARENT,  HOWEVER, 

THAT  THE  TREND  OF  THE  BOX  AND  SPECIMEN  DATA  IS  SIMILAR.  FURTHERMORE, 

THE  BOX  OATA  APPEAR  TO  BE  INDEPENDENT  OF  MATERIAL  AND  STRENGTH  LEVEL 
AS  WERE  THE  SPECIMEN  OATA. 

F IGURE  10  IS  A  LOG-LOG  PLOT  OF  EQUIVALENT  PEAK  STRESS  VERSUS 
NUMBER  OF  CYCLES  TO  FAILURE.  ThE  SIMILARITY  BETWEEN  THE  RELATIONSHIPS 
IN  Figures  9  and  10  appears  to  be  coincidental.  It  so  happens  tmt  the 
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THREE  MATERIALS  SELECTED  POR  STUDY,  I.E.,  STEEL,  ALUMINUM,  AND  TITANIUM, 

'e\ 


T  • 


HAVE  ALMOST  IDENTICAL  RATIOS  OP  ELASTIC  MODULUS  TD  DENSITY 

Accordingly,  the  c.  vs  Np,AND  vs  N,  relatidnships 

t  p 

ARE  SIMILAR.  To  DEMONSTRATE  THAT  STRAIN  IS  THE  CONTROLLING  PARAMETER, 

A  TEST  IS  PLANNED  FOR  A  BOX  CONSTRUCTED  OP  70-30  CUPRONICKEL  ALLOY, 

WHICH  HAS  A  DISTINCTLY  DIFFERENT  T  RATIO. 

P 

Table  5  compares  the  fatigue  lives  of  steel  boxes  in  which  the 

PEAK  STRESS  WAS  APPROXIMATELY  80  PERCENT  OF  THE  YIELD  STRENGTH  OF  THE 
BASE  METAL.  LoW-CYCLE  FATIGUE  LIFE  APPEARED.'  AS  A  DECREASING  FUNCTION 
OF  YIELD  STRENGTH.  WHEN  THE  YIELD  STRENGTH  WAS  INCREASED  BY  A  FACTOR 
OF  3,  THE  FATIGUE  LIFE  DECREASED  BY  A  FACTOR  OF  10.  COMPARISONS  CAN 
ALSO  BE  HADE  BETWEEN  BOXES  1  AND  5  AND  BETWEEN  BOXES  4  AND  12  IN  TABLE 
3.  The  geometry  and  peak  strain  of  the  paired  boxes  were  purposely 

MADE  NEARLY  IDENTICAL.  IN  THE  CASE  OF  BOXES  1  AND  5,  THERE  WAS  AN 
INCREASE  IN  THE  FATIGUE  LIFE  OF  HY-100  STEEL  OVER  THE  GrADE  M  STEEL. 

Not  so,  however,  for  Boxes  4  and  12.  The  lives  of  both  HY-140  steel 
AND  HY-100  STEEL  WERE  NEARLY  THE  SAME,  EVEN  THOUGH  THE  HY-140  STEEL 
WAS  STRESSED  ONLY  TO  60  PERCENT  OF  ITS  YIELD  STRENGTH.  IN  GENERAL, 

THE  BOX  TEST  RESULTS  SUBSTANTIATED  THE  OBSERVATIONS  MADE  ON  SIMPLE 
SPECIMENS,  I.E.,  INCREASES  IN  LOW-CYCLE  FATIGUE  STRENGTH  ARE  NOT  COM¬ 
MENSURATE  WITH  INCREASES  IN  YIELD  STRENGTH  OF  THE  BASE  METAL. 

The  ljooen  rupture  of  the  aluminum  and  the  high- interstitial 

TITANIUM  BOXES  DESERVE  SPECIAL  CONSIDERATION.  ThE  FAILURE  OF  METALS 
BY  GROSS  FRACTURE  MAY  CONSIST  OF  THREE  PHASES,  NAMELY:  (l)  CRACK 
INITIATION,  (2)  SLOW-CRACK  PROPAGATION,  AND  (3)  FAST-CRACK  PROPAGATION. 

If  we  confine  our  discussion  to  the  structural  boxes.  Phases  (1)  and 


11 


MEL  Report  68/65 


(2)  ARE  ATTRIBUTABLE  TO  FATIQUE  UNLESS  CRACKS  ARE  PRESENT  INITIALLY^ 

THEN  Phase  (1)  will  already  have  occurred.  In  so-called  notch- tough 

MATERIALS^  PHASE  (2)  WILL  CONTINUE  UNTIL  SLOW  LEAKAGE  OCCURS^  AND  THE 
NET  RESULT  WILL  NOT  BE  CATASTROPHIC.  PHASE  (3)  BECOMES  IMPORTANT  WHEN 
THE  MATERIAL  TENDS  TO  BEHAVE  IN  A  BRITTLE  MANNER. 

The  FRACTURE-MECHANICS  APPROACH  TO  BRITTLE-FRACTURE  PROBLEMS 
HAS  SHOWN  THAT,  IN  THE  PRESENCE  OF  A  NOTCH,  CATASTROPHICALLY  FAST 
FRACTURES  CAN  OCCUR  IN  HIGH-STRENGTH  MATERIALS  AT  STRESS  LEVELS  WELL 
BELOW  THE  YIELD  STRENGTH.  It  HAS  ALSO  BEEN  DEMONSTRATED  THAT  THERE  IS 
A  CRITICAL  CRACK  SIZE  THAT  HIGH-STRENGTH  MATERIALS  CAN  TOLERATE  WHICH 
IS  DEPENDENT  UPON  THEIR  PLANE-STRAIN  FRACTURE  TOUGHNESS.  BEYOND  THIS 
CRITICAL  SIZE,  CRACKS  BECOME  SELF-PROPAGATING  AT  LOW-STRESS  LEVELS, 

AND  CATASTROPHIC  FAILURE  CAN  OCCUR. 

The  CRITICAL  crack  size  aspect  of  fracture  mechanics  was  readily 
EVIDENT  IN  THE  FAILURE  OF  BOX  8  (Ti-A70).  EXAMINATION  OF  THE  FRACTURE 
REVEALED  A  SLOW  CRACK  PROPAGATION  PHASE  (sEE  ITEM  (b),  FIGURE  6) 

FOLLOWED  BY  RAPID  PROPAGATION  WHICH  CRACKED  THE  BOX  ALONG  ALMOST  ITS 
ENTIRE  LENGTH.  ALTHOUGH  THE  FAILURES  OF  BOXES  6  (Al-6061 )  ANO  11 
(T1-6AL-4V)  WERE  SOMEWHAT  SIMILAR,  NO  DISTINCT  AREAS  OF  SLOW  AND  FAST 
CRACK  PROPAGATION  COULD  BE  OBSERVED.  A  LOW- I NTERST I T I AL,  H I GH- TOUGHNESS, 
TITANIUM-ALLOY  BOX  IS  TO  BE  TESTED  IN  THE  NEAR  FUTURE  TO  PROVIDE 
ADDITIONAL  INFORMATION  ON  THE  MECHANISM  OF  FINAL  FAILURE... 

HY-100  STEEL  IS  A  NOTCH-TOUGH  MATERIAL,  ANO  EXPERIENCE  HAS  SHOWN 
THAT  FAILURE  WILL  BE  OF  THE  SLOW  LEAKAGE  TYPE.  ACCORDINGLY,  THE  SUDDEN 
RUPTURE  OF  Box  2  REQUIRES  SOME  EXPLANATION.  As  CAN  BE  OBSERVED  IN 
Figure  8,  the  final  fracture  path  was  along  a  plane  of  maximum  shear. 
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PReSUHABLY>  THCRE  WAS  A  WEAK  JUNCTION  BETWEEN  ADJACENT  SURFACE  WELD 
BEADS,  AND  SHEAR  FAILURE  OCCURRED  SUDDENLY  ALONG  THIS  JUNCTION. 

Figure  11  is  a  log-log  plot  of  the  average  crack  propagation 
RATE  VERSUS  TOTAL  STRAIN  RANGE  DATA  IN  TABLE  3.  INCLUDED  IN  FIGURE  11 
IS  THE  RELATIONSHIP  OBTAINED  BY  CROOKER  AND  LANGE^  FROM  SPEC  I  HEN  TESTS. 

The  relationship  was  purposely  positioned  so  that  it  passed  through  the 

GEOHETRIC  MEAN  OF  THE  DATA.  THE  AGREEMENT  BETWEEN  THE  DATA  AND  THE 
RELATIONSHIP  IS  SURPRISING  CONSIDERING  THE  UNCERTAINTIES  OF  THE  METHOD 
USED  TO  DETERMINE  THE  AVERAGE  CRACK  PROPAGATION  RATES  FOR  THE  BOXES. 

It  should  be  recognized  in  Figure  11  that  what  appear  to  be 
MINOR  deviations  FROM  CroOKER  AND  LANGE'S  RELATIONSHIP  DO,  IN  FACT, 
REPRESENT  RATHER  LARGE  DIFFERENCES  IN  CRACK  PROPAGAT I  ON  RATE .  FOR 
EXAMPLE,  THE  CALCULATED  CRACK  PROPAGATION  RATE  FOR  BoX  9  IS  ABOUT  TWICE 
THAT  WHICH  WOULD  HAVE  BEEN  PREDICTED  BY  THE  RELATIONSHIP.  IN  GENERAL, 

IT  IS  CONCLUDED  FROM  THE  DATA  IN  FIGURE  11  THAT  UNDER  THE  CONDITIONS 
OF  THE  TEST,  THERE  ARE  NO  SIGNIFICANT  DIFFERENCES  IN  CRACK  PROPAGATION 
RATES  BETWEEN  THE  VARIOUS  MATERIALS. 

In  designing  the  structural  box  test,  the  intent  was  to  INTRODUCE 

AS  MANY  IMPORTANT  VARIABLES  AS  POSSIBLE  IN  ORDER  TO  ESTABLISH  THEIR 
GROSS  EFFECT.  IT  WAS  OEEHEO  IMPORTANT,  HOWEVER,  THAT  THE  JOINING  PRO¬ 
CEDURES  USED  IN  CONSTRUCTION  MEET  AT  LEAST  THE  MINIMUM  REQUIREMENTS  OF 
ACCEPTABLE  STANDARDS.  IT  IS  APPARENT  FROM  THE  RESULTS  THAT  THE  LOW- 
CYCLE  FATIGUE  LIFE  OF  THE  BOX  STRUCTURES  WAS  MORE  DEPENDENT  ON  DESIGN 
AND  FABRICATION  THAN  ON  MATERIAL.  SUBSTANTIAL  IMPROVEMENTS  IN  LIFE 
CAN  BE  BROUGHT  ABOUT  BY  DELAYING  CRACK  INITIATION  ANO/oR  SLOWING  DOWN 
CRACK  PROPAGATION.  BASICALLY,  THIS  CAN  BE  ACCOMPLISHED  BY  (l)  MECHANICALLY 


13 


MEL  Report  68/65 


REMOVING  SHARP  F I LUETS>  NOTCHES/  AND  CRACKS  IN  CRITICAL  AREAS/  (2) 
REMOVING  UNCESIRABLE  RESIDUAL  STRESSES  BY  THERMAL  OR  MECHANICAL 
STRESS  RELIEF/  AND  (3)  INTRODUCING  DESIRABLE  RESIDUAL  STRESSES  SY 
MECHANICAL  COLO  WORKING  TECHNIQUES. 

CONCLUSIONS 

The  RESULTS  of  the  L0W>CYCLE  fatigue  tests  of  structural  BOXES 
CYCLICALLY  PRESSURIZED  WITH  FRESH  WATER  TEND  TO  CONFIRM  TWO  GENERAL 
CONCLUSIONS  REACHED  PREVIOUSLY  FROM  TESTS  OF  SIMPLE  SPECIMENS.  ThESE 

are: 

s  Increases  in  low-cycle  fatigue  strength  for  a  given  life  are 

NOT  COMMENSURATE  WITH  INCREASES  IN  YIELD  STRENGTH. 

•  Low-cycle  fatigue  life  is  closely  related  to  total  strain 

RANGE/  AND  ON  THIS  BASIS  APPEARS  TO  BE  INDEPENDENT  OF  BOTH  THE  STRUCTURAL 
METAL  AND  STRENGTH  LEVEL  IN  THE  LIFE  RANGE  OF  1000  TO  30/000  CYCLES. 

It  is  concluded  from  the  box  test  RESULTS  that: 
t  Low-cycle  fatigue  life  of  a  complex  structure  can  be  far 

MORE  SENSITIVE  TO  DESIGN  AND  FABRICATION  THAN  TO  THE  MATERIALS  FROM 
WHICH  IT  IS  MADE. 

•  Final  failure  of  high  strength  -to-weight  structures  subjected 

TO  LOW-CYCLE  FATIGUE  CAN  BE  SUDDEN  AND  EXTENSIVE  IF  THE  MATERIAL  OF 
CONSTRUCTION  HAS  LOW  NOTCH  TOUGHNESS. 

B  Fatigue  crack  propagation  rate  is  (1)  strain  dependent  and 
(2)  INDEPENDENT  OF  MATERIAL  OF  CONSTRUCTION. 

FUTURE  PLANS 

Short-range  plans  include  (1)  comparative  tests  on  maraqinq 

STEELS  AND  NEWLY  DEVELOPED  NOTCH-TOUGH  TITANIUM  ALLOYS/  AND 
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(2)  DEFINITIVE  TESTS  TO  ESTABLISH  THE  IMPORTANCE  OF  VARIOUS  FACTORS^ 
ESPECIALLY  CORROSION.  ThE  LONQ-RANOE  EFFORT  WILL  BE  DIRECTED  TOWARD 
A  SYNTHESIS  OF  THE  BOX  RESULTS.  EACH  OF  THE  IMPORTANT  FACTORS  AFFECT  I  NO 
LOW-CYCLE  FATIGUE  FAILURE  WILL  BE  STUDIED  AND  COMBINED  IN  AN  EFFORT 
TO  IMPROVE  THE  ENGINEER'S  ABILITY  TO  PREDICT  THE  FINAL  RESULTS. 
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Table  1 

Base  Metal  Chemical  Composition  and  Mechanical  Properties 
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Table  2 

Base  Metal  -  Weld  Metal  Combinations  Used  in  Preparing  Test  Boxes 
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Table  3 

Summary  of  Results 


‘^Stress  reljcvco.  Heated  to  950  T.  mciO  c  mr.  turnacc  coo-co. 

'Test  stopped  at  lOC.OOO  cycles.  Pressure  raised  to  3990  psio  and  test  continued  to  famure. 

TRASON  I C  CRACK  INDICATIONS  PRESENT  PRIOR  TO  TEST.  EkAMINATION  OF  FRACTURE  SHOWED  LACK  OF  FUSION  AT  ROOT  PASS. 
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Table  4 

Number  and  Length  of  Fatigue  Cracks  in  Cross  Sections 
[iCoRNERS  IN  Rotation  Starting  with  Failure  (f) 
Crack  as  No.  1;  Crack  Length  in  Inches3. 
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*B0X  TESTED  AT  TWO  STRESS  LEVELS  (sEE  TABLE  3). 

Length  of  failure  crack  first  level  -  3/4  inch,  2nd  level  -  3/8  inch, 

TOTAL  -  1  l/8  INCHES. 

^Length  of  fatigue  portion  of  crack  -  1  inch. 
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Table  5 

Comparison  of  Steel  Boxes  Having  a^^x  0. 8  ays 


Box  f^o. 


Material 
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Corner  Weld  Box  Prior  to  Test 
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I TEM  (a)  -  Class  IV, 
Type  C-21  Corner  Weld 


Item  (b)  -  Class  IV, 
Type  C-69  Corner  Weld 


m . — ' 

w - ^ 

CORNER  WELD 
BOX 

k _ _ _ d 

% 

w 

Figure  2 

Cross  Sections  of  Structural  Bo/.es 
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Figure  3  -  J-Weld  Box  Prior  to  Test 
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Pressurization  System  for  Structural  Box  Fatigue  Tests 


USN 

MARINE  ENGINEERING  LABORATORY 


F lauRt  5 
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USN  MARINE  ENGINEERING  LABORATORY 

Item  (a)  -  Full-Lenqth  Longitudinal  Crack  in  Base  Metal 


Item  (b)  -  Fracture  Appearance 


F iGURE  6  -  Sudden  Rupture  of  Box  8 
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Figure  7  -  Fracture  Surface  and  Cross  Section  of  Box  12 


USN  MARINE  ENGINEERING  LABORATORY 
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Figure  8  -  Description  of  Cracks  Leading  to  Final  Failure 


MEL  Report  68/65 


Total  Strain  Range  (s,)  vs  Number  of  Cycles  to  Failure  (Np) 
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